Spinal cord blood flow (SCBF) was measured over a wide range of artificially varied mean systemic arterial blood pressures (MAP) in a group of monkeys with alpha adrenergic receptors blocked by the intravenous administration of phenoxybenzamine (Dibenzyline). The SCBF was found to vary linearly with changes in MAP. Autoregulation appeared to have been abolished. These data are cited as evidence for a dominant role of the sympathetic nervous system in control of the spinal circulation.
I
N previous experiments we have demonstrated the presence of autoregulation in the lateral white matter of the monkey spinal cord, at a mean arterial blood pressure (MAP) between 50 and 135 mm Hg. 7 Subsequently, we have shown that autoregulation remains essentially intact after high cervical cord section? We designed the present experiment to learn more about the mechanisms of autoregulation in the spinal cord, specifically the role of the alpha adrenergic component of the sympathetic nervous system (SNS), by employing pharmacological blocking agents.
Methods and Materials
Seven Macaca fasicularis monkeys, unselected as to sex and weighing from 3.0 to 3.5 kg, were initially anesthetized with 10 mg phencyclidine HC1 and 50 mg sodium pentobarbital. Catheters were then inserted into the femoral vein for continuous fluid replacement and administration of drugs, and into the femoral artery for continuous blood pressure monitoring and periodic blood gas determinations. The animals were intubated and placed on a respirator, receiving N20 and O~ in a 2: 1 mixture for the remainder of the experiment. Rectal temperature was monitored by a rectal probe and kept at 37 ~ to 39 ~ C, using a heating pad as necessary.
The animals were hyperventilated to decrease the recirculation time of hydrogen. The blood gases were frequently obtained and maintained in the physiological range by adjusting the amount of COs in the inspired gas mixture.
The animals were then placed in a head holder, assuming a sphinx-like position, and a thoracic laminectomy was performed in the usual fashion, exposing the dural-covered spinal cord from T7-11. Three platinum electrodes, each 250 /~ in diameter, were then placed into the lateral funiculus of the spinal cord using techniques and coordinates previously described? Several baseline blood flows were then obtained at the resting blood pressure level, which varied in MAP from 70 to 95 mm Hg. Spinal cord blood flow (SCBF) was measured in this experiment with the hydrogen clearance method. The details of this technique have been described in earlier publications? .5 The blood flow is calculated from the monoexponential tissue desaturation curve of previously inhaled hydrogen gas.
A test dose of 0.4 ug/kg of norepinephrine was then given intravenously, and the increase in MAP noted. When the MAP had returned to the normal range (1 to 2 minutes), 5 mg/kg phenoxybenzamine (Dibenzyline) was slowly given intravenously. In each animal, 10 to 30 ml of dextran was also given intravenously during the phenoxybenzamine administration, in order to keep the MAP in the normal range. After the phenoxybenzamine was given, a second test dose of 0.4 t~g/kg norepinephrine was given intravenously, and any MAP changes were again noted.
Several blood flows were then obtained at the resting MAP after administration of phenoxybenzamine. The MAP was then either progressively raised by the intravenous infusion of angiotensin, or lowered by bleeding.
Multiple blood flow measurements were made at varying MAP's. In each animal, the MAP was either progressively raised or lowered. Blood flow measurements were not made in'an animal with an abnormally low MAP subsequent to determinations at an abnormally high MAP, and vice versa.
Results
There was essentially no change in the MAP after the second test dose of norcpinephrine, as compared to an almost 100% increase in MAP after the first test dose of the same drug, insuring an adequate alpha adrenergic blockade by phenoxybenzamine.
As can be seen from and is plotted in Fig. 2 for the present experiment as well as several previous experiments for comparison. The calculated vascular resistance was essentially constant throughout the entire range of MAP values, indicating essentially no change in vessel-wall tone or vessel diameter.
Discussion
The extent of neural control of vessel size and tone of the cerebrovascular tree, and hence its role in regulation of cerebral blood flow (CBF), continues to be controversial and conflicting. Certainly, anatomical studies have demonstrated both myelinated and unmyelinated nerve fibers ending in the walls of blood vessels lying either on the surface of the brain or at its base (circle of Willis). is Furthermore, histofluorescence studies have confirmed the presence of adrenergic receptors in the walls of these vessels?' However, reports of stimulation or blockade experiments on the sympathetic supply of these vessels continue to offer conflicting results.1 a.8,9,17 Part of this conflict probably can be explained by differences in species of experimental animals and methodology, as well as the inconstancy of other variables such as anesthesia, control of blood gases, and the conscious state of the animal. Perhaps the complexity of the cerebral circulation also adds to the dilemma. The effects of sympathetic blockade or stimulation on focal blood flow in various anatomical areas of the brain such as the hypothalamus, basal ganglia, or cerebral cortex, ought not be compared to each other or to average CBF changes, since each area may have its own regulatory system, or at least emphasize various factors to a different degree within its own system. To compound the issue, various investigators have suggested the presence of a second neural control, in which the cell bodies are in the locus coeruleus, and the axons terminate on adrenergic receptors in vessel walls at the base of the brain? 2,a5' 16 It is felt that this central adrenergic system may also play a role in the regulation of CBF.
In a previous experiment we have demonstrated the presence of autoregulation in the white matter of the monkey spinal cord at an MAP of between 50 and 135 mm Hg/ As the MAP was raised from 50 to 135 mm Hg in that experiment, there was a corresponding increase in vascular resistance to keep the blood flow constant (Fig. 2) . Above 135 mm Hg, a progressive decrease in vascular resistance was accompanied by a marked increase in blood flow. The data from the present experiment suggest that intact alpha adrenergic receptors are necessary for control of vessel tone, and therefore for autoregulation in the white matter of the monkey spinal cord. In order for an organ to autoregulate its blood supply, mechanisms must exist whereby changes in MAP will provoke corresponding changes in vascular resistance and the blood flow will remain constant. The progressive rise in SCBF that accompanies the induced rise in MAP in the present experiment indicates a lack of response by the resistance vessels to this induced rise in MAP. Since these animals were given phenoxybenzamine, which blocks the alpha adrenergic receptors, one can safely state that the progressive rise in vascular resistance seen to accompany rises in MAP in the intact animal is an alpha adrenergic-mediated phenomenon. Most probably, the alpha adrenergic receptors are stimulated by the release of norepinephrine from nerve endings considered to be a component of the SNS. However, from this experiment one cannot cornpletely exclude the possibility that an intrinsic system exists in the spinal cord analogous to the proposed central adrenergic system described above. There is no anatomical evidence at the present time to support such a contention and since the likelihood of the existence of such a system is rare, it is probably safe at present to conclude that the SNS has an active role in the regulation of SCBF.
In an earlier experiment, we have shown that spinal cord autoregulation remained intact after high cervical cord section, that is, after separation of the spinal cord from the central hypothalamic control of the SNS. 6 In that experiment, the SCBF remained constant and in the normal range at an MAP of between 50 and 125 mm Hg. 8 During this range of MAP changes, the increase in the MAP was accompanied by a corresponding increase in vascular resistance (Fig. 2) , thereby allowing the SCBF to remain constant (autoregulation). At an MAP of above 125 mm Hg, a progressive decrease in vascular resistance, and hence vascular dilatation, occurred, resulting in a marked increase in SCBF. Although the "break-through" in autoregulation occurred at a slightly lower MAP in the animals with a high cervical sec-tion than in the intact animals (125 mm Hg versus 135 mm Hg), the shapes of the curves and the observed changes in vascular resistance were similar, suggesting similar mechanisms for these phenomena. In order to explain the data from both previous experiments as well as from the present one, we must hypothesize a reflex-mediated sympathetic control of the spinal circulation. There are several possible levels in the nervous system through which this reflex arc can occur. There is experimental evidence to suggest that a spinal cord-mediated reflex sympathetic arc can exist. Investigators have recorded reflex outflow activity in the cells of the intermediolateral gray column of the spinal cord by stimulating peripheral a:.ons, and have suggested that this phenomenon follows a segmental polysynaptic reflex pattern. TM Langley and Anderson 1~ have observed that, after all the nerve connections of the inferior mesenteric ganglia except the hypogastric nerves were cut, stimulation of the central end of one hypogastric nerve elicited contraction of the bladder, the efferent impulses passing down the opposite hypogastric nerve. They interpreted these observations as evidence of a sympathetic ganglia-mediated reflex. In a later experiment, Langley TM showed that stimulation of preganglionic fibers following destruction of their connections with the central system could elicit a reflex contraction of the erector pili muscles and constriction of the cutaneous blood vessels in an area corresponding to the distribution of from one to four gray rami above the level at which the stimulus was applied. He termed this phenomenon a preganglionic axon reflex.
Postganglionic axon reflexes have also been described. Speranskaja-Stepanowa TM has reported postganglionic sympathetic vasodilator and vasoconstrictor axon reflexes in the frog following peripheral axon stimulation.
Although the present experiment does not provide data that allow one to specify the level at which reflex sympathetic control of SCBF occurs, it does, nevertheless, provide evidence to substantiate the concept of reflex sympathetic control.
Summary
In this experiment, SCBF was measured over a wide range of artificially varied MAP after the administration of phenoxybenzamine, an alpha adrenergic blocking agent. The SCBF was found to be essentially linearly related to MAP under these conditions, that is, autoregulation appeared to have been abolished. Combining these data with the data obtained from previous experiments, we can make the following conclusions: 1) intact alpha adrenergic receptors appear to be necessary for the preservation of autoregulation in the lateral white matter of the monkey spinal cord; and 2) autoregulation remains intact after cervical cord section suggesting that the sympathetic nervous system can exert its influence on SCBF on a spinal cord or sympathetic ganglia reflex basis.
